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Session Agenda

• Warm up: Impact of regulations on land development
• Costs and benefits of stormwater management requirements
• Stormwater management regulations – changing over time
• Interrelationship of dissolved oxygen, stream temperature, and land use change
• Modeling thermal pollution mitigation practices
• Adapting regulations to address thermal pollution impacts
• Affect of new regulations on development patterns



Warm Up

Assumptions:
1. PA municipalities oversee land use.
2. PA municipalities operate in diverse locations. 
3. PA municipalities have diverse drivers and priorities.

Question:
For the municipalities you work in – what land use regulations are most impactful?



Warm Up

Assumptions:
1. PA municipalities oversee land use.
2. PA municipalities operate in diverse locations. 
3. PA municipalities have diverse drivers and priorities.

Question:
For the municipalities you work in – what land use regulations are most impactful?

But first:
What does impactful mean? 



What does impactful mean?

Depends on who you represent.

Land use regulations impact different parties in different ways:

Property Owner Elected Officials/Community
Cost of planning and design Community character
Cost of construction Economic development
Use of property Infrastructure
Return on investment Taxes
Cost of O&M Traffic



Warm Up

Assumptions:
1. PA municipalities oversee land use.
2. PA municipalities operate in diverse locations. 
3. PA municipalities have diverse drivers and priorities.
4. Land use regulations impact property owners and the community differently.

Question:
For the municipalities you work in – what land use regulations are most impactful?



Question:

For the municipalities you work in – what land use regulations are most impactful?



Question:

For the municipalities you work in – what land use regulations are most impactful?

• Permitted uses
• Lot size and density
• Setbacks
• Land cover limits and intensity
• Design process
• Approval process
• Infrastructure requirements

• Parking requirements
• Landscaping requirements
• Environmental protection requirements
• Earth disturbance
• Highway occupancy
• Historic resources



Purpose of land use regulations:

• Influence the development that occurs on 
the property 

• Protect neighbors and the community from 
impacts that can spill outside the property 
boundary:
- Solar exposure
- Accessibility
- Transportation
- Recreation
- Stormwater



Land use regulations:

• Influence the development that occurs on 
the property 

• Protect neighbors and the community from 
impacts that can spill outside the property 
boundary:
- Solar exposure
- Accessibility
- Transportation
- Recreation
- Stormwater
• Discharge volume
• Release rate
• Water quality



Purpose of stormwater management regulations

Mimic hydrology
• Mitigate flooding
• Protect water quality and habitat
• Promote groundwater infiltration
• Prevent floodplain development



Purpose of stormwater management regulations

Mimic hydrology
• Mitigate flooding
• Protect water quality and habitat
• Promote groundwater infiltration
• Prevent floodplain development

What are the impacts of stormwater management regulations on land development design?



Impacts of stormwater management regulations

• Mimic hydrology
• Expand green space
• Limit land use intensity
• Increase cost of development
• Increase cost of redevelopment
• Increase carrying cost of infrastructure (O&M, repair, replacement)

How do we prevent stormwater management regulations from 
being a barrier to desirable development?

North Penn Commons



Question:

What were the water quality pollutants of concern in:

1970? 1985? 2000?



Question:

What were the water quality pollutants of concern:

1970? 1985? 2000?

How about 2030?



Evolution of minimum water quality standards

Point 
sources

Litter 
Reduction

Peak Rate 
Control

Infiltration

Sediment 
and Nutrient 
Treatment

Functional 
Uplift

Consider the growing investment in water quality infrastructure



How will land use regulations that address stormwater adapt to climate 
change?

• Flood mitigation
- Permitted uses in the riparian corridor
- Floodplain management
- NOAA public comment on Atlas 15 precipitation frequency standards

• Water quality
- Dissolved oxygen
• Sediment
• Nutrients
• Temperature



Factors Impacting Dissolved Oxygen

Let’s discuss:
• The influence of land use 

change on dissolved oxygen

• How do we prevent 
stormwater management 
regulations from being a 
barrier to desirable 
development?



Awareness of thermal pollution as an issue



Urban heat island (source: USEPA)

Where structures are highly concentrated, 
and greenery is limited…
• Causes:

- Reduced natural landscapes 
- Urban material properties
- Urban geometry
- Heat generated from human activities
- Weather and geography

• Cooling strategies:
- Trees and vegetation
- Green roofs
- Cool roofs and pavements
- Smart Growth techniques
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If thermal loading is a threat to water quality, will it be regulated? 

How would thermal loading regulation impact land development patterns?

=+

Heat Islands Cloud Bursts Thermal Loading



Urban development impacts on increased water temperatures



Evolution of minimum water quality standards

Point 
Sources

Litter 
Reduction

Peak Rate 
Control

Infiltration

Sediment 
and Nutrient 
Treatment

Functional 
Uplift

Thermal 
Impact 
Mitigation??

How do we prevent stormwater management regulations 
from being a barrier to desirable development?



Weis Market (Lincoln Highway): 
• 5.5 acres of impervious area
• Developed before 1992
• Expanded before 1999

June 17, 2022
• Rain event: 0.32” in 15 minutes
• <1-year storm, 48,000 gallons of rainfall
• Sky cover: mostly sunny
• 90 degrees
• Estimate 37,000 gallons into the Conestoga River



Weis Market (Lincoln Highway): 
• 5.5 acres of impervious area
• Developed before 1992
• Expanded before 1999

June 17, 2022
• Rain event: 0.32” in 15 minutes
• <1-year storm, 48,000 gallons
• Sky cover: mostly sunny
• 90 degrees
• 38,000 gallons into the Conestoga River

1 -Enhanced vegetation
2- Cool surfaces
3- Bioretention
4- Channel narrowing/ deepening



Modeling approaches

Goal of the study: 
To evaluate the impact of watershed-
scale thermal mitigation practices 
(TMP) on aquatic health given climate 
and land use changes

https://en.wikipedia.org/wiki/File:Brookie105.jpg

Brook trout

The first ever-study in simulating 
watershed-scale TMPs for a large 

urban watershed based on projected 
climate and land use change!



Physical 
properties

Thermal 
properties

Climate 
change models

Historical 
rainfall

Solar 
Radiation

Relative 
humidity

Cloudiness

Wind speed

A 
PROCESS-

BASED 
MODEL: 

MINUHET 
and 

Modified 
MINUHET

Infiltration 
Ponds

Riparian 
vegetation

Forest 
canopies

Conventional 
pavements

Cool 
pavements

Streams

Closed 
channels

Bioretention

Wet ponds

Dry ponds

Stream 
temperatures

Stream flow

Heat loads

Max. daily exposure 
< 27.5 °C

Max. weekly 
exposure < 25.5 °C

Fatal threshold = 30 
°C for max. 10 min.

Stress Level = 21 °C 

all 
thresholds 

met?

No actions 
needed

Ag. lands

Design thermal mitigation 
practices (TMPs)

1 -Enhanced vegetation
2- Cool surfaces
3- Bioretention
4- Channel narrowing/ deepening

Inputs
Elements 
simulated

Outputs
Regulations, compliance, 

and threshold limits for 
aquatic species survival 

(trout)
Decision making?

YES

NO

Land use 
change

Simulating and mitigating the spatiotemporal thermal 
dynamics of streams for restoring aquatic species, as a 

part of stream restoration master plans

Simulating and mitigating the spatiotemporal thermal 
dynamics of streams for restoring aquatic species, as a 

part of stream restoration master plans

Cool roofs
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inlet/outlet 

temperatures

BMP outlet 
temperature

Subwatershed 
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GW discharge



Practices that reduce runoff temperatures

1 -Enhanced vegetation
2- Cool surfaces
3- Bioretention
4- Channel narrowing/ deepening



Case study: Stroubles Creek 
Watershed, Blacksburg, VA

Brook Trout



Thermally retrofitting using cool 
surfaces, bioretention systems, 

and enhanced forest canopy

Schematic of TMPs implementation



Cool surfaces implementation

ALL ABOUT ALBEDO EFFECT!



Results for continuous 
simulation; summer 2015

Baseline

ACG Concrete



Bioretention system implementation



Results for continuous 
simulation; summer 2015

Baseline Sandy gravel



Enhanced forest canopy implementation



Results for continuous 
simulation; summer 2015

Baseline F.C. 1



Comprehensive mitigation plan



Results for continuous 
simulation; summer 2015



CHANNELIZATION EFFECT: Interaction of stream 
temperature, piping channels, and dissolved oxygen



Interaction of stream temperature, piping channels, and 
dissolved oxygen



Interaction of stream temperature, piping channels, and 
dissolved oxygen



Interaction of stream temperature, piping channels, and 
dissolved oxygen

DO deficits given trout DO threshold (9.0 mg∙ L-1) 
were -0.49 (INLET) and -1.24 (OUTLET) mg∙L-1



Thermal mitigation practice applications for 
combating climate and land cover changes:

1. Urban streams where aquatic habitats are 
vital and there is no room for excessive 
riparian vegetation

2. Streams receiving slugs of highways 
thermally enriched runoff

3. Streams in deforested watersheds 



Research Summary

• EPA and NOAA present climate change-induced extreme rainfall patterns, which can contribute to 
thermal loading of surface waters

• Thermal pollution models incorporate heat island, climate change, and land use change inputs
• Mitigation strategies have different results on reducing thermal pollution
• Changing land cover will impact stream temperature, dissolved oxygen, and ecological health



Submitted to the Environmental Pollution

The effect of piping stream channels on dissolved oxygen concentrations and ecological 
health

Mehdi Ketabchy1,2, Elyce N. Buell3, Mohammad Nayeb Yazdi3, David J. Sample3,*, Mina 
Shahed Behrouz3

1 Department of Civil and Environmental Engineering, University of Maryland, College Park, MD, United 
States
2 Roadway Business Line, Gannett Fleming, Inc., Baltimore, MD, United States
3 Department of Biological System Engineering, Virginia Polytechnic Institute and State University, VA, 
United States

Our published works and references

Collaborators from Gannett Fleming, City of Arlington, 
Virginia Tech, University of Maryland at College Park, 

and Ohio State University



Evolution of minimum water quality standards

Point 
Sources

Litter 
Reduction

Peak Rate 
Control

Infiltration

Sediment 
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Treatment
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Thermal 
Impact 
Mitigation??

How do we prevent stormwater management regulations 
from being a barrier to desirable development?



Discussion
• Traditional basins may actually increase temperature of streams
• Groundwater infiltration through green stormwater infrastructure may only address small storms
• Forest canopy and Low Impact Development techniques are hard to apply in developed areas
• Urban greening is a useful tool – and the benefits and costs are broadly discussed
• Cool surfaces have promise – but how do you regulate and what is the cost?

How do we prevent stormwater management regulations 
from being a barrier to desirable development?

1 -Enhanced vegetation
2- Cool surfaces
3- Bioretention
4- Channel narrowing/ deepening



Closing
• Stormwater regulations intend to protect dissolved oxygen via water chemistry
• Water temperature is an emerging concern
• Will new water quality regulations address this threat?
• How do we prevent stormwater management regulations from being a barrier to 

desirable development?
• Modeling can show which practices are most effective at reducing thermal pollution
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